8
In cases of early-onset growth restriction, placental insufficiency is commonly reflected in the umbilical artery waveform. 9 A smaller cross-section of the vasculature caused by such mechanisms as chronic reactive vasoconstriction of the tertiary stem villi 10 are assumed to result in upstream modifications in the flow velocity of the umbilical artery. The result is an augmented pulsatile wave-form signifying an increased impedance.
In extreme cases, this is manifested as absent or reversed end-diastolic velocity associated with critically low umbilical flow before 34 weeks of gestation. 11 These cases represent end stages of placental histological and functional damage and are associated with an increased risk of perinatal death 12 and long-term abnormal neurodevelopment. 4 Redistribution of the umbilical venous blood toward the ductus venosus is associated with less fetal growth, 13 and frank growth restriction is an important compensatory mechanism. 14, 15 However, the pulsatile waveform of the ductus venosus blood velocity has become an important clinical indicator of hypoxic challenge in severe growth restriction. 16 An augmented atrial contraction wave that is linked to an absent or reversed end-diastolic velocity in the ductus venosus has been associated with an increased risk of perinatal mortality and neonatal morbidity. 17 However, the single most important prognostic factor in preterm growth restriction is gestational age at delivery. 3, 18 The main challenge in management of these pregnancies is timely delivery, in which the risk of fetal death has to be weighed against the risk of neonatal mortality and morbidity. Thus, fetuses are not delivered until the risk of dying in utero surpasses the risk of adverse perinatal outcome because of prematurity. 19 While the risk of neonatal mortality and severe morbidity is well documented in contemporary series on growthrestricted neonates, 3, 18 ,20 the risk of fetal death when Doppler changes are present is still controversial. 18, 20 The objective of this study was to conduct a systematic review and metaanalysis to establish the risks of fetal death in early-onset growth-restricted fetuses with absent or reversed velocity waveforms in the umbilical artery or ductus venosus.
Materials and Methods
Eligibility criteria, information sources, search strategy A systematic search was performed using databases PubMed, ISI Web of Science, and SCOPUS to identify relevant studies published in English, Spanish, French, Italian, or German, without publication date restriction. References of relevant publications were manually searched for additional potentially relevant published studies. The first search was run on Feb. 17, 2017 . Afterward an update was extended until June 20, 2017.
This review was carried out adhering to the Meta-analysis Of Observational Studies in Epidemiology guidelines, 21 and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses statement for reporting systematic review and meta-analysis in randomized control trials. 22 The study protocol was agreed between the authors before running the analysis, and one author (T.K.) being external to the group, acted as a reviewer of it.
All abstracts identified were assessed by 2 independent evaluators (J.C. and R.M.), both blinded to authorship, authors' institutions, and study results. Studies meeting inclusion criteria were full text reviewed. A third investigator (F.F.) independently resolved any disagreement between evaluators. In cases of relevant studies with missing information, corresponding authors were reached by e-mail. Annex 1 in the supplemental material details the search strategy and query syntaxes.
Study selection
Criteria for inclusion in this systematic review were observational cohort studies (retrospective and prospective) and randomized control trials of early-onset growth-restricted fetuses (diagnosed before 34 weeks of gestation), with information on the rate of fetal death occurring before 34 weeks of gestation and on the presence of absent or reversed end-diastolic velocity waveforms in the umbilical artery or the ductus venosus.
Data extraction
The following data were extracted on a data sheet based on Cochrane Consumers and Communication Review Group's data extraction template: countries in which the study was carried out, study period, inclusion and exclusion criteria, sample size, information on Doppler end-diastolic waveforms in the umbilical artery and ductus venosus, and the frequency of fetal death with each waveform pattern.
The risk of fetal death was analyzed for the following groups: (1) umbilical artery absent end-diastolic velocity; (2) umbilical artery reversed end-diastolic velocity; (3) umbilical artery absent or reversed end-diastolic velocity; and (4) ductus venosus absent or reversed enddiastolic velocity. Studies that for a given comparison reported no fetal death were excluded. Furthermore, instances of interruption of pregnancy cases were excluded for analysis.
Quality assessment
Two reviewers (J.C. and R.M.) independently assessed the quality of the selected studies. Quality assessment of observational studies was carried out using the Newcastle-Ottawa Scale.
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Each study was judged on 3 dimensions: the selection of the study groups; the comparability of the groups; and the ascertainment of the exposure. The quality of randomized studies was assessed with the Cochrane Collaboration's tool for assessing the risk of bias in randomized trials, 24 which consists of 6 questions that addresses sequence generation, allocation concealment, blinding, incomplete data, reporting bias, and other biases.
Answers with regard to bias were categorized to low risk, high risk, and unclear risk. Results from these questions were graphed and assessed using Review Manager (computer program; version 5.3, 2014, The Nordic Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark).
Statistical analysis
Extracted results were pooled in a metaanalysis. The meta-analysis was performed by computing odds ratios (ORs) using both fixed and random-effects models (weighting by inverse of variance). Between-study heterogeneity was assessed using tau 2 , c2 (Cochrane Q), and I 2 statistics. According to the Cochrane handbook, the heterogeneity measured by I 2 was interpreted as nonimportant (<30%), moderate (30e60%), or substantial (>60%). 25 Results were presented using forest plots.
An influence analysis was performed to ascertain the results of the metaanalysis by excluding each of the individual studies. Publication bias was assessed by a funnel plot for metaanalysis and quantified by the Egger method.
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A meta-regression procedure of the log-OR was performed to evaluate the ajog.org Systematic Reviews contribution of mean gestational age at delivery and mean birthweight on the association between ductus venosus absent or reversed end-diastolic velocity and fetal death. 
Results

Study selection
A total of 663 studies were identified by database searching, with 1 additional study included manually. Of these, 92 studies were eligible for full-text review. After the review, 31 studies were retained for analysis (28 cohort studies 12,30-56 and 3 randomized control trials 20, 57, 58 
Risk of bias of the included studies
Among the cohort studies, 4 were considered as having a low risk of bias, while 8 had medium risk because they either had no study controls for each Doppler pattern or the analyzed exposure (abnormal Doppler pattern) was present at the start of the study. Finally, 16 had a high risk of bias, and all of them shared a combination of lack of representativeness of the exposed cohort, selection of the nonexposed cohort, ascertainment of exposure, exposure present at the start of the study, or the lack of study controls for each Doppler pattern. Table 1 tabulates the risk of bias of the observational studies included in the meta-analysis, according to the Newcastle-Ottawa Scale. 23 On the other hand, the risk of bias for randomized control trials was assessed according to Cochrane's tool designed for this purpose and it is depicted in the Supplemental Figures 1 and 2 .
Synthesis of results
A total of 5909 Doppler assessments (and 336 fetal deaths) were included in the analysis.
Umbilical artery absent end-diastolic velocity and fetal death The weighted OR of umbilical artery absent end-diastolic velocity for fetal death was 3.59 (2.29e5.62), with no differences between the fixed and the random-effects models. Figure 2 shows the forest plot for the individual and overall OR for fetal death in cases with umbilical artery absent end-diastolic velocity. No significant heterogeneity was found among studies.
Influence analysis showed that the exclusion of 1 study 56 resulted in a 26% increased weighted OR (Supplemental Table 2 ). The funnel plot (Supplemental Figure 3) did not suggest the existence of publication bias. Likewise, the Egger k-coefficient was not significant (1.30, 95% confidence interval [CI], e1.12 to 2.73; P ¼.069), further making unlikely a publication bias. Additionally, separate analyses were performed for observational and randomized studies (Supplemental Figures 4 and 5) .
Umbilical artery reversed end-diastolic velocity and fetal death Under the random-effects models, the weighed OR of umbilical artery reversed end-diastolic velocity for fetal death was 7.27 (4.61e11.44; P < .001). Figure 3 shows the forest plot for the individual and overall ORs for fetal death in cases with umbilical artery reversed end-diastolic velocity. The tau 2 (0.291; Systematic Reviews ajog.org Table  3 ). The funnel plot (Supplemental Figure 6) did not suggest the existence of publication bias. Likewise, the Egger k-coefficient was not significant (0.1, 95% CI, e1.16 to 1.36; P ¼.868). Additionally, separate analyses were performed for observational and randomized studies (Supplemental Figures 7 and 8 ).
Umbilical artery absent or reversed end-diastolic velocity and fetal death Under the random-effects models, the weighed OR of umbilical artery absent or reversed end-diastolic velocity for fetal death was 6.80 (4.52e10.24; P < .001). Figure 4 shows the forest plot for the individual and overall ORs for fetal death in cases with umbilical artery absent or reversed end-diastolic velocity. Tau 2 (0.22; P ¼.14), and the Q-value (31.49) suggests an absence of important heterogeneity, also implied by the I 2 value of 24%. Influence analysis showed that the exclusion of any of 2 studies 35, 56 resulted in a 12.3% and 11.3% increased weighted OR, respectively (Supplemental Table 4 ). The funnel plot for publication bias assessment is shown in Supplemental Figure 9 . The Egger k-coefficient method for publication bias was not significant (0.678; e0.25 to 1.61; P ¼ .147). Additionally, separate analyses were performed for observational and randomized studies (Supplemental Figures 10 and 11 ).
Ductus venosus absent or reversed end-diastolic velocity and fetal death Under the random-effects models, the weighed OR of ductus venosus absent or reversed end-diastolic velocity for fetal death was 11.16 (6.31e19.73; P < .001). Figure 5 shows the forest plot for the individual and overall ORs for fetal death in cases with ductus venosus absent or reversed end-diastolic velocity. The tau 2 (0.521; P ¼ .019), Q-value (25.52), and the I 2 (49%) showed a moderate heterogeneity between studies. Influence analysis showed that the exclusion of 1 study 54 results in a 12.6% increased OR (Supplemental Table 5 ). The Egger k-coefficient was e1.01 (95% CI, e3.25 to 1.22; P ¼.341), suggesting a lack of publication bias. The funnel plot for visually assessing publication bias is depicted in Supplemental Figure 12 . Additionally, separate analyses were performed for observational and randomized studies (Supplemental Figures 13 and 14) .
The meta-regression procedure showed that neither mean gestational age at delivery (estimate, e0.14; P ¼.58) nor mean birthweight (estimate, e0.001; P ¼ .54) significantly explained the variability of the effect of ductus venosus absent or reversed end-diastolic velocity on fetal death. Supplemental Figures 15  and 16 show the bubble graphs with the fitted meta-regression line of the mean gestational age at delivery and mean birthweight.
Comment
In the management of early-onset growth-restricted fetuses with severe Doppler abnormalities, the fine balance of the risk of fetal death (if left in utero) and the risk of prematurity (if delivered) guides the decision on the gestational age to deliver, aiming at maximizing survival without major sequelae.
While there are contemporary series reporting the risks of prematurity (infant mortality and severe morbidity) among fetal growth-restricted babies with severe Doppler abnormalities, 3, 18 ,20 the risk of fetal death for different Doppler patterns has not been well described. This risk has often been stated within individual studies, which may not necessarily reflect the risk of the broad spectrum of fetuses exhibiting Doppler abnormalities. With 5909 Doppler evaluations analyzed, this meta-analysis depicts the association between umbilical artery and ductus venosus with absent or reverse end-diastolic velocity waveforms and the risk of fetal death among fetuses with early-onset growth restriction.
Only a few well-designed prospective studies have been conducted that allow establishing the risk of perinatal death for individual Doppler abnormalities.
Good evidence comes from 2 randomized studies. The first, the GRIT study, 20 compared immediate vs delayed delivery in growth-restricted fetuses below 36 weeks of gestation and demonstrated that early delivery to avoid fetal death was counterbalanced by neonatal death and neurological sequelae. However, antenatal surveillance was not standardized; and, therefore, reported rates of perinatal death have been found higher than expected.
More recently, the Trial of Randomized Umbilical and Fetal Flow in Europe study 3 aimed to describe perinatal morbidity and mortality in early-onset fetal growth restriction based on time of antenatal diagnosis and delivery. They found better-than-expected perinatal outcomes in this high-risk group of ajog.org Systematic Reviews fetuses (an overall probability of survival without major morbidity of approximately 70%), which could be attributed to good adherence to a management protocol. This underscores the importance of standardizing the prenatal care of these pregnancies, in particular in defining the optimal gestational age for delivery.
The results of this meta-analysis can be used to guide the decision on the gestational age to delivery to maximize intact survival. Our pooled data on the fetal death rate in fetuses with umbilical artery absent end-diastolic velocity yields a risk of fetal death of 6 Our analysis has several strengths. First, we carried out an extensive and systematic literature search without time restrictions. Second, the 31 studies collectively enrolled a notable number of fetal deaths (n ¼ 336) among a large number with Doppler evaluations (n ¼ 5909). Third, for the umbilical artery, we were able to separately estimate the risks of fetal death for cases with absent and with reversed end-diastolic velocities.
Nonetheless, we also acknowledge some limitations. First, because we included only studies of early-onset growth-restricted fetuses requiring delivery before 34 weeks, the applicability is restricted to this period of pregnancy, the reason being that umbilical artery Doppler does not reliably reflect placental insufficiency beyond this gestational age. 59 Second, the small number of studies separately reporting risks for absent and reversed end-diastolic velocities in the ductus venosus prevented us from carrying out separate meta-analyses, and we had to combine both patterns into 1 single category. The argument can also be made that with better equipment and OR of umbilical artery absent or reverse end diastolic velocity Forest plot of the odds ratio of umbilical artery absent or reverse end diastolic velocity for fetal death (weighted by the inverse of the variance under fixed and random-effects model).
CI, confidence interval; OR odds ratio. 
OR of ductus venosus absent or reverse end diastolic velocity
Forest plot of the odds ratio of ductus venosus absent or reverse end diastolic velocity for fetal death (weighted by the inverse of the variance under fixed and random effects model).
CI, confidence interval; OR odds ratio.
Caradeux. Doppler changes and risk of fetal death. Am J Obstet Gynecol 2018. Systematic Reviews ajog.org skills, zero velocity would be reported less, and, consequently, a technical issue (skills and equipment) decides how many cases with absent end-diastolic velocity are identified.
Third, the included studies were hampered by clinical heterogeneity because case definition, types of antenatal testing, and frequency of these tests varied widely among studies. However, it could be argued that this is an area of ongoing research and that just recently a consensus definition has been reached. 60 Nonetheless, the selection criteria of our study could be reasonably assumed to capture reasonably this recent definition.
Fourth, timely delivery and fetal death are competing factors. Thus, differences in management could also account for the heterogeneity we found in the studies reporting risks in fetuses with ductus venosus absent or reversed end-diastolic velocities. The meta-regression performed on these studies does not seem to indicate such risk of work-up bias.
Fifth, only series in which the Doppler status has been concealed to the clinicians should have been included; however, there were few studies with concealed Doppler assessment, 12 ,30-32,34,35,38,44,45 none of which were recent. For ethical reasons, newer studies with such a design are unlikely to be carried out.
Finally, among cases with umbilical artery absent or reversed end-diastolic velocities, one quarter concomitantly have ductus venosus absent or reversed end-diastolic velocities. 36 The resolution of information reported in the included studies does not allow ascertaining the risk for fetal death of umbilical artery reversed end-diastolic velocity with and without ductus venosus absent or reversed end-diastolic velocity. Conversely, the proportion of cases with ductus venosus absent or reversed enddiastolic velocities and positive diastolic flow in the umbilical artery is negligible.
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In conclusion, early-onset growthrestricted fetuses with either umbilical artery/ductus venosus absent or reversed end-diastolic velocities are at a substantially increased risk for fetal death. The risks reported in this meta-analysis may be useful for counseling pregnancies with early-onset growth restriction on the optimal gestational age for delivery. ajog.org Systematic Reviews 
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Study population: 222 singletons nonanomalous early-onset (<34 weeks) suspected fetal growth restriction. * There are more cases than reported in the original paper because some were excluded from the initial analysis because of incomplete data on other variables different from umbilical artery and ductus venosus). 
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Bubble of gestational age on diastolic velocity
Bubble graph with the fitted meta-regression line of the mean gestational age at delivery against the OR for fetal death of the studies on ductus venosus absent or reverse end diastolic velocity.
GA, gestational age; OR, odds ratio.
Caradeux. Doppler changes and risk of fetal death. Am J Obstet Gynecol 2018.
SUPPLEMENTAL FIGURE 16
Bubble graph of birthweight on diastolic velocity
This figure shows the bubble graph with the fitted meta-regression line of the mean birthweight against the OR for fetal death of the studies on ductus venosus absent or reverse end-diastolic velocity.
OR, odds ratio. ajog.org Systematic Reviews
